YCpl9 1s a yeast centromere plasmid capable of autonomous replication 1n both yeast and I. coll (J. Mol. Biol., 158: 157-179, 1982).
INTRODUCTION
S. cerevisiae (yeast) shuttle vectors have proven to be valuable tools for studying many biological functions (1) . Yeast centromere plasraids (YCp) are specialized shuttle vectors containing centromere DNA sequences which essentially transform these plasmids into u m1n1chromosomes"; the centromere DNA sequences confer mitotic and meiotic stability and limit the plasmid copy number to approximately one to two per cell (2) . YCpl9 1s a typical circular YCp containing a centromere (CEN4), yeast selectable marker genes (TRP1 and URA3), yeast autonomously replicating sequences (ARS1), and pBR322 sequences for amp1c1ll1n selection and autonomous replication 1n Z_. coli (2) . The precursor plasraids for YCpl9 (YIp5, YRp7, and YRpl7) are among the most commonly used yeast shuttle vectors (1) . YCpl9 has been used to study factors determining mitotic and raeiotic stability (3), regulatory gene dosage effects (4) and regulated extrachromosomal gene transcription (5) . Derivatives of YCpl9 have been used to Isolate revertants of RNA polymerase II promoter mutants (6) and to study the mechanism of Ty element transposition (7) .
To extend the usefulness of YCpl9 (and other related yeast vectors) we was from E. Jones (Carnegie-Mellon University, Pittsburgh, Pennsylvania) (9) .
S^ cerevisiae plasmids YCpl9 and YRpl7 were obtained from R. Davis (Stanford University, Stanford, California) (2), YARpl (TRP_1 RI circle) was obtained from J. Scott (University of Illinois, Urbana, Illinois) (10) . Plasmids were prepared 1n large quantities by two bandings in CsCl gradients (11) or In small quantities by alkaline lysis minipreps (12) . YCpl9-HIS3 gene recorabinant plasmids, YCpl9-]US3A26 and YCpl9-M_s3 A38 were constructed using sequences derived from plasmids YRpl4-Sc3121 U1IS3A26) and YRpl4-Sc2884 (his3A 38) which were obtained from K. Struhl (Harvard University, Boston, Massachusetts) (13) . The 1.7 kb BamHI fragments containing the HIS3 gene promoter variants were Ugated Into the BamHI site of YCpl9 (11) .
. cerevisiae Transformation and Growth Conditions S. cerevisiae cells were transformed by the lithium acetate protocol (14) using plasmids Isolated as above. Media and plates for routine maintenance and selective growth have been described (5) . Yeast transformants were selected and grown on synthetic complete (SC) media lacking uracil (SC-Ura).
Control untransforraed cultures were grown in SC medium, but under otherwise Identical conditions. Typically 1 liter log phase cultures were grown to cell densities of 1-3 x 10^ cells/ml and harvested by centrifugation. Cells were washed once in cold distilled water, and cell pellets were frozen for future nucleic add Isolation. At harvest the percentage of plasmid containing cells and plasmid mitotic stability (CEN4 function) were determined by comparing selective versus nonselective cell growth as described previously (5) . S. cerevisiae Enzyme Assays 0rotidine-5'-phosphate decarboxylase (OMP decase) activity was determined by a spectrophotometric assay as described by Chevallier et al. (15) from the same cells used to prepare nucleic acids. 6 -lactamase assays, using the iodine-starch overlay plate technique modified for ^. cerevisiae. were done exactly as described by Chevallier and Aigle (16) . Preparation of Nucleic Acids Total nucleic acid was prepared from S^ cerevisiae cells by grinding with glass beads as described (17) except that the process was sometimes scaled up 4 to 10 fold. The yields were 20 to 40 v g of nucleic add per 10® cells. Poly (A + ) RNA was selected by batchwise adsorption of total nucleic acids to oligo (dT)-cel lulose Type 2 resin (Collaborative Research, Inc.) using a 5-fold excess binding capacity as specified by the manufacturer and assuming that total yeast nucleic acid contains 21 poly(A + ) mRNA.
Hybridization of DNA and RNA Methods for treating the nucleic acid samples, separation by denaturing agarose gel electrophoresis, transfer to membrane supports, [ 32 P] labeling DNA fragments by nick-translation, and hydridization with nick-translated double strand DNA probes have previously been described 1n detail (5, 18) . Northern hybridization with single strand DNA probes and the preparation of [ 32 P] labeled single strand DNA homologous to the (+) strand of M13 mp8 was as described by Church and Gilbert (19) . Individual membrane panels were probed by a two-step hybridization protocol; 10 vg of unlabeled single strand recorabinant M13 phage were first hybridized to the unlabeled RNA bound to Individual membrane panels (Zeta-Probe,B1o-Rad), then all panels were hybridized together with [ 32 P] labeled single strand DNA (10 8 cpm/y g) complementary to only the M13 phage sequences. To ensure that equivalent amounts of nucleic acid were analyzed, agarose gels were stained and photographed with acridine orange (20) following electrophoresis 1n addition to measuring absorbance at 260 nm and 280 nm. To accurately size transcripts, several types of size standards were used Including: the endogenous yeast rRNAs (21) ; endogenous yeast TY1 (17) , HIS3 (13) , GAU (5), and £AL10 (5) mRNA's; exogenous £. col 1 and rat liver rRNA's (22) ; and DNA from plasmid YRpl7 cut with £co_RI and £s_tl (2) . These size standards were electrophoresed in parallel lanes on the agarose gels, and visualized by acridine orange staining or by hybridization with nick-translated probes (as above). The sizing errors with these standards are 5 to 101.
The copy numbers of YCpl9 and YCpl9-HIS3 recombinant plasmids were determined by quantitative genomic DNA transfer and hybridization experiments (Southern blots) as described (5) with the following specific changes: All DNA samples were prepared from total yeast nucleic acid (50 pg per lane) and digested with excess EcoRI; the membranes were probed with a [
2 P] labeled nick-translated CEN4 DNA fragment (Sc4137) (2) prepared and isolated from YCpl9 as described (5) .
M13 Recombinant Phage Construction and [3^P] Labeling
H13 recombinant phage were constructed, screened, and maintained using standard protocols developed for dideoxy sequencing (23) . RepHcative double strand DNA forms of H13 cloning vectors mp8, mp9, raplO, and mpll (23) were from BRL. The appropriate subcloning strategy for each case can be deduced from F1gs. 1 and 4; the Indicated restriction sites were 11 gated into the complementary sites 1n the M13 polylinker.
In each case CsCl gradient purified plasmids were digested with the appropriate restriction enzymes and ligated directly from low melting temperature agarose (BRL, 24). Plasmids passaged through JM103 were used as the DNA source for subclones containing pBR322 sequences to avoid this host's restriction endonuclease system (25 labeled phage were hybridized and processed as above. The sizing errors using these standards were approximately 5%.
RESULTS

Strategies for Deriving a Transcription Map of YCpl9
An Important parameter to establish before measuring plasmid transcript position and abundance was the copy number of the YCpl9 plasmids 1n yeast strains SC3 and YNN218. Using the procedures described In Materials and Methods, we found that all the centromere plasmids used in our studies were present at 0.8 to 1.0 copies per cell and that they exhibited mitotic stability characteristic of yeast centromere plasmids (2) . To generate a collection of transcript probes, we subcloned DNA fragments homologous to Primed capital letters refer to the bottom (complementary) strand. Phage series A-H are subclones of YCpl9; I-L are subclones of pBR322; T derives from the TRP1 ARS1 EcoRI fragment isolated as the circular yeast plasmid YARpl (provided by C. Long) (10); phage series U-W derive from the URA3 Hindlll fragment from strain D4 (31) isolated from a YEp24 plasmid (provided by S. Baker); M derives from the PstI to BamHI fragment of YRpl7 (2) . seen 1n the lanes that contain RNA from YCpl9 transformed cells Indicating that they are transcribed from YCpl9 DNA sequences. These transcripts are strand specific; each transcript hybridizes to only one orientation of the recorabinant H13 probes. 6 cpm/yg DNA: Lanes 1 and 2, 60 yg SC3 RNA was hybridized with 100 ng or 300 ng.of probe K; lanes 3 and 4, 20 p g SC3/YCpl9 RNA was hybridized with 100 ng of probe K, lane 4 hybrids were overdigested with a 5-fold excess of SI nuclease; lanes 5 and 6, 60 y g SC3/YCpl9 N.A, was hybridized with 100 ng or 300 ng of probe K. In lanes 7 to 11. single strand DNA size standards were generated by hybridizing 60 ng of . These hybrid sizes include the polylinker region. All sanples were hybridized, digested with SI nuclease, denatured, separated on a 4X polyacrylaraide 7M urea gel, and otherwise processed as described 1n Materials and Methods. Lane 12 contains about 20 ng of unprocessed probe K. The arrow labeled "M13° Indicates the undigested phage. The arrow labeled "BAT1* Indicates the single strand DNA fragment of probe K protected by hybridization to the BAT1 transcript as described in the text.
To determine the 5' ends of the most abundant YCpl9 transcripts, we used SI nuclease digestion techniques. The recombinant M13 phage shown 1n F1g. 1 were uniformly labeled by growth In [ 32 P] containing medium, the single strand DNA was hybridized to RNA, digested with SI nuclease and separated on denaturing polyacrylamide gels as described in Materials and Methods. Fig. 3 illustrates how this technique was used to map the 5 1 end of a major YCpl9 transcript which initiates within bacterial sequences on the plasroid. This transcript Is described further below. Abundant Transcripts from YCpl9
The URA3 gene produced the most abundant transcript from YCpl9. F1g. 2 shows that the URA3 gene probe U, but not the complementary DNA strand probe U 1 , hybridizes to a 1.1 Kb RNA, thus assigning its approximate position and orientation. This assignment 1s consistent with previous studies by Buckholz and Cooper (30) and Rose and Botstein (31) . No URA3 mRNA of normal size 1s detected in untransformed cells which contain the ura3-S2 mutant allele (SC3 and YNN218) but we have detected a short, 0.55 Kb jjr£3-52 transcript with probe U. This transcript is about 20 fold less intense than the 1.1Kb URA3 mRNA from YCpl9 (data not shown). To locate the 5' end of the YCpl9 URA3 transcript, we performed SI nuclease mapping experiments similar to the example in Fig. 3 , using M13 recombinant probes F and M (see F1g. 1). These probes end with a common P^tl site positioned just 17 bp upstream of the URA3 gene open reading frame (32) . He observed that a plasmid specific RNA protected a short band (less than 150 bp) from SI nuclease digestion when we used either probe F or probe M; neither of the opposite strand probes yielded a protected fragment (data not shown). This positioned the YCpl9 URA3 transcript 5 1 end within the yeast DNA sequences less than 150 bp upstream of the LIRA3 gene £stl site.
The next most abundant transcripts Initiate from pBR322 DNA sequences. These are called BAT for jtecterial DNA Associated Transcripts. jiATl, the most abundant bacterial transcript, 1s approximately 2.5 Kb long; it is shown to hybridize strongly to probes K and D, and also weakly to probe B 1n Fig. 2 . This Implies that the 3' sequences of BAT1 He within probe B, and Its 5' sequences He within probe K. The SI nuclease analysis with probe K In Fig. 3 Is consistent with this assignment for jJATl. Only RNA prepared from YCpl9 transformed cells protected a subfragment of probe K which migrates as a major band 0.92 Kb long, as measured from single strand DNA size standards 1n the adjacent lanes. This fixes the major 5' end of BAT1 to approximately 920 ± 15 bp upstream of the pBR322 PstI site on YCpl9 which corresponds to pBR322 nucleotide number 2690 ± 15 (33) .
There are at least three other less abundant bacterial transcripts (BAT2, 3, and 4) which overlap BAT1 and have the same orientation (Fig. 2) . In preparations of total yeast RNA BAT2 and CAT3 comigrate; their migration suggests that they are compressed by the 18S rRNA band. However, they separate as two distinct 1. The mapping of the TRP1 gene transcript from YCpl9 was complicated by low level transcription, interference by transcription from upstream bacterial sequences, and the presence of chromosomal TRP1 mRNA. We have assigned the band marked TRP1 In F1g. In hybridization experiments with higher specific activity TRP1 probes, and 1n longer exposures of the Northern experiment 1n Fig. 2 , the YCpl9 TRP1 band and the faint upper band (about 1.1 Kb), were seen to comigrate with two chromosomal TRP1 transcripts 1n the adjacent lane (data not shown). The larger of the two transcripts may Initiate outside of the TRP1 £coRI fragment In accordance with previous SI mapping experiments by Zalkin and Yanofsky (35) . The smaller transcript initiates within the TRP1 EcoRI fragment on both YCpl9 and the yeast chromosome, based on the following experimental observations. YARpl (TRP1 RI Circle) consists of the circularized TRP1 ARS1 sequences present on YCpl9; It Is typically maintained In transformants at 100 to 200 copies per yeast cell (10) . He have observed that the 0.9 Kb TRP1 RNA is overproduced in YARpl transformants 200 to 300 fold relative to the chromosomal abundance (data not shown). SI nuclease experiments with RNA from YARpl transformants have revealed that the 0.9 Kb TRP1 RNA has two start sites approximately 30 £ 10 bp and 60 ± 10 bp upstream of the TRP1 AUG start codon (data not shown). This Implies that the YCpl9 0.9 Kb TRN. RNA also has two start sites, as indicated in F1g. 5.
Transcripts Associated with CEN Regions
Two transcripts that hybridize to yeast centromere DNA sequences are shown in Fig. 2 panels A' and B. The band labeled CAT1 (£entromere DNA Associated J_ranscript) corresponds to a transcript of 1.2 Kb and 1t 1s observed in RNA prepared from both transformed and untransformed cells. CAT1 is transcribed from the centromere sequences on YCpl9 as well as from those on chromosome IV, because 1t 1s more than two fold more abundant in RNA prepared from YCpl9 transformed cells as shown 1n is not a YCpl9 transcript since 1t hybridizes only to probe B, but 1t is too long to be fully contained by it (see also below). In addition, we have never observed enhanced levels of CAT2 RNA prepared from transformed cells. It 1s therefore probable that the promoter for CAT2 lies outsides of the centromere DNA sequences present on YCpl9.
To further characterize transcription of the CEN4 region additional single strand probes were constructed as outlined in F1g. 4. These probes were used in combination with probes A and A' (F1g. 1) to establish whether CAT1 and CAT2 transcription Included the conserved centromere region ( [36] , indicated 1n Fig. 4 as I, II, III) . The Northern analysis shown in the upper part of Fig. 4 demonstrates that£ATl hybridizes to probes A' and X" (but not to A and X) and that CAJ2 hybridizes to probe Z (but not to Z 1 ). Neither Table I lists all of the transcripts that we have assigned to YCpl9, together with their sizes, and an estimate of their relative abundance. All of these YCpl9 transcripts are polyadenylated, because they are enriched by adsorption to oligo (dT) resin (data not shown).
URA3 Gene Expression from YCpl9
To test whether W*A3 gene expression from the YCpl9 plasmid was similar to URA3 gene expression from its normal chromosomal locus, we compared URA3 enzyme activities and raRNA levels from YCpl9 in a ura3-52 background to those not shown). This suggests that correct transcription Initiation, termination and polyadenylation are taking place from YCpl9. The URA3 gene encodes the enzyme orot1dine-5'-phosphate decarboxylase (OMP decase) (39) . The specific activity of OMP decase 1s a good measure of the fidelity of URA3 transcription. This enzyme activity 1s strictly under transcriptional control, since enzyme activity 1s closely correlated with transcription rate and mRNA abundance (15, 40) . The data 1n Table II Is consistent with this correlation, and Indicates that SC3, ura3-52 cells containing YCpl9 coordinately produce about 3 to 4 fold more URA3 mRNA and OMP decase activity than YNN22, URA3 + cells. Previous studies have shown that OMP decase activity 1s Induced several fold by compounds or mutations which cause the accumulation of pyrimidine Intermediates but 1t 1s unaffected by starvation for uradi (39) . Table II shows that uracil starvation has no significant affect on the insensitive to these context effects (5) . Moderate promoters such as URA3 and HIS3 (approximately 0.011 to 0.11 of total mRNA) show an Intermediate effect. These changes in transcript abundance could be caused by alterations in DMA topology on the small circular plasmid molecule. There 1s increasing evidence that negative supercoiling of DNA 1s critical for transcriptional activation of eukaryotic and prokaryotic genes (41, 42) . If the small size of the plasmid vectors Is, 1n fact, constraining the DNA Into a superhelical density different than that found 1n the yeast chromosomes then this would predict that larger plasraids would more closely mimick cellular transcription patterns. It 1s Interesting 1n this regard that centromere function Itself has been shown to be critically dependent on plasmid size (43); a high level of mitotic stability 1s only observed on plasmids greater than 100 Kb 1n size.
In addition to Identifying the expected transcripts from the known plasmid genes, we also discovered unexpected transcripts from bacterial DNA sequences.
These transcripts, as well as those described above, are polyadenylated and are presumably RNA polymerase II products. The most abundant bacterial transcript; jJATl, Initiates close to the pBR322 origin of replication and appears to use the same terminator as the TRP1 transcript. If Its abundance 1s an accurate reflection of promoter strength, then the BAT1 promoter may be very active 1n an J_n vitro transcription assay. The transcription of pBR322 DNA sequences has also been described in human Hela cells (44) .
In a crude jjn vitro transcription system, Hela cell RNA polymerase II selectively Initiates a transcript that appears to be analogous to the yeast BAT1 transcript.
The Hela cell transcript Initiates approximately 30 bp downstream from a conserved eukaryotic promoter element, the Goldberg-Hogness or "TATA" box (44) , positioned at pBR322 nucleotide number 2608 (33) .
Our B_AX1 transcript Initiates approximatley 80 bp downstream from this same "TATA" box. The "TATA" box to transcription start site distance for J5AT1 Is more typical of yeast, where distances of 42-120 bp have been reported, than for higher eukaryotes where distances of 30-40 bp are more common (44, 45) .
We searched for a transcript corresponding to the pBR322 Amp" gene on YCpl9; 1t has been reported that 2-v m DNA recorabinant plasmids 1n yeast produced a 1.1 Kb Amp R transcript, and that yeast cells containing these plasmids secrete an active B-lactamase enzyme (46) . None of the bacterial transcripts described above correspond to the Amp R transcript, however, a 1.1
Kb transcript was In fact observed with the predicted location and orientation 1n an extensive overexposure of the appropriate panels In Fig. 2 (data not shown, see Table I ). This 1.1 Kb RNA is one of 10 very minor transcripts scattered over YCpl9 which we estimate are less than H as abundant as the YCpl9 URA3 transcript and are not Included in the transcription map. We tested cells transformed with YCpl9 and YRpl7 for g -lactamase activity, but only YRpl7 transformants contained detectable activity. Since both plasmids share the same pBR322 sequences, but differ in copy number, it seems likely that YCpl9 also expresses the Amp^ gene to some extent.
The other unexpected transcripts that we detected were associated with the centromere. Constructions which Induce active transcription through a centromere region have been shown to disrupt its activity (36) . The yeast centromere sequences on YCpl9 hybridized to two low abundance transcripts, CAT1 and CAT2. CAT1 is transcribed both on YCpl9 and from its chromosomal locus. CAT2 1s transcribed only at its chromosomal locus, presumably because Its promoter 1s located outside of the CEN4 DNA fragment on YCpl9. CAT2 may be the 2.5 Kb transcript that was detected near the centromere in previous studies (2) . The two transcripts correspond to open reading frames (38) and converge towards the functional centromere region but do not include sequences in the conserved centromere consensus (36, 37) . Apparently although high level transcription through a centromere disrupts its function (36) , low level transcription near the centromere region 1s not harmful and occurs normally.
Our transcription data on YCpl9 will aid us in Interpreting yeast RNA polymerase II in vitro transcription experiments. It may also aid other Investigators Interested 1n using centromere plasmids as single copy vectors. Transcription of a cloned gene will most likely be driven by its own promoter because none of the YCpl9 transcripts that we have detected run through the unique EcoRI, BamHI, and Sal I cloning sites. However, one should also consider that yeast promoters may behave unexpectedly on centromere plasmids and on plasmid vectors in general. The use of multi-copy cloning vectors in yeast can lead to the artifactual isolation of DNA sequences that complement mutations 1n nonhoraologus DNA when expressed at high levels In the cell (47) . Single copy vectors have been thought to avoid these problems but our studies suggest that caution must be used in the Interpretation of these experiments as well. 
